The higher order structure (HOS) of biotherapeutics is a critical quality attribute that can be evaluated by nuclear magnetic resonance (NMR) spectroscopy at atomic resolution. NMR spectral mapping of HOS can be used to establish HOS consistency of a biologic across manufacturing changes or to compare a biosimilar to an innovator reference product. A previous inter-laboratory study performed using filgrastim drug products demonstrated that two-dimensional (2D)-NMR 1 H N -15 N H heteronuclear correlation spectroscopy is a highly robust and precise method for mapping the HOS of biologic drugs at natural abundance using high sensitivity NMR 'cold probes.' Here, the applicability of the 2D-NMR method to fingerprint the HOS of filgrastim products is demonstrated using lower sensitivity, room temperature NMR probes. Combined chemical shift deviation and principal component analysis are used to illustrate the performance and inter-laboratory precision of the 2D-NMR method when implemented on room temperature probes.
Introduction
The expiration of originator biologic drug patent protection and the advent of biosimilars has created a need for more advanced analytical methods to characterize the critical quality attributes (CQA) of these drug products that allow for robust demonstration of similarity. The higher order structure (HOS) of protein therapeutics, which is directly linked to both efficacy and safety of biologic drugs, is one of the CQAs that needs to be well characterized [1] [2] [3] [4] . Originally proposed by Aubin and colleagues [5] , precise and accurate assessment of the HOS of protein biothera-peutics, including monoclonal antibodies (mAbs) [6, 7] , has been demonstrated using two dimensional nuclear magnetic resonance spectroscopy (2D-NMR). A single 2D-NMR heteronuclear correlation spectrum (e.g., 1 H N -15 N H HSQC) can provide an assessment of primary, secondary, tertiary and quaternary structure at atomic level resolution [8] [9] [10] [11] . The cross-peaks in a 2D 1 H N - 15 N H HSQC spectrum report on chemical shifts of individual protein backbone and side-chain amide 15 N and 1 H nuclei. The composite pattern of a 2D-NMR spectral map affords a unique, well-dispersed pattern of cross-peaks, or so-called spectral fingerprint, since individual 1 H N - 15 N H resonances each report on their unique chemical and structural environments within the well-folded protein structure. Subsequently, any deviation from reference spectral positions of these cross peaks reflect a change in structure, assuming sample conditions have not deviated (e.g., temperature, salinity, pH). Well matched 2D-NMR spectra therefore provide a high level of assurance that the predominant structure(s) of two protein biologic products (e.g., lot-to-lot, biosimilar to innovator) is highly similar.
Recently, Ghasriani et al. reported a study that evaluated the inter-laboratory precision and robustness of the 2D-NMR method using NMR systems equipped with highly sensitive NMR cold probes [10] . One innovator filgrastim product (Neupogen ® ) and three Indian-sourced products were evaluated in their fully formulated state. Filgrastim is prescribed to treat neutropenia for cancer patients after chemotherapy for the stimulation of bone marrow to proliferate granulocytes such as neutrophils [12] . Filgrastim was chosen as a representative protein therapeutic for this study as it had been previously well studied by NMR and other biophysical methods [5, 13] . Filgrastim's primary structure consists of 175 amino acid residues, including one extra methionine at the N-terminus of the native 174-residue protein. Through the inter-laboratory comparison, Ghasriani et al. found that 2D-NMR provides a highly robust and reproducible measurement, and established an inter-laboratory measurement precision of 8 parts per billion (ppb) for the method [10] .
Here, a follow-up to the original inter-laboratory study is reported using a second set of filgrastim drug products. While the precision of the NMR method is a function of the signal-tonoise ratio [6] , experimental protocols for the 2D-NMR method are shown that demonstrate how it can be applied using moderate magnetic field strengths (e.g., 500 MHz and 600 MHz) and lower sensitivity, room temperature (RT) probes. The results show the robustness of the 2D method even when recorded on RT probes, and the use of rapid acquisition NMR methods (e.g., non-uniform sampling, SOFAST) for more efficient application in biopharmaceutical HOS assessment than standard acquisition [6] 2. Materials and methods
Formulated drug products
Eight formulated filgrastim products were prepared for NMR measurements. Four of the samples were from a previous study and will be referred to as lot 1 [10] October 2014). All samples were prepared for NMR measurements at FDA laboratories as previously described [10] . Initial measurements on the sample set were performed at NIST followed by USP and then FDA.
NMR instrumentation used for the acquisitions of 2D-NMR data on the lot 2 samples
Data were acquired at three different magnetic field strengths, 500 MHz, 600 MHz, and 900 MHz for 1 H resonance frequency using room temperature probes for detection at three different laboratories. At 900 MHz, a cold probe was used. The laboratories were located at the Table 1 lists all laboratories and samples (lot 1 and lot 2) used in the entire study. From the temperature deviant data in our first report, HC 600 spectra on lot 1 drug products were chosen as 'different' spectral maps for principal component analysis (PCA).
Experimental parameters for lot 2 samples
All lot 2 drugs products were evaluated on the NIST 900 using a 1 H N , 15 N H gradient selected heteronuclear single quantum coherence experiment (gHSQC) and all magnets equipped with RT probes using a phase sensitive HSQC (pHSQC). All experiments were otherwise set-up as previously described with spectral widths of 14 ppm ( 1 H) by 32 ppm ( 15 N), with the transmitters on water and 117 ppm, respectively [10] . Acquisition time was set to 140 ms (NIST 900), 100 ms (NIST RT600, USP RT600), or 85 ms (FDA RT500), and 64 complex points were collected in the 15 N dimension. The interscan delay was set to 1.0 s (1.5 s NIST 900). Total experimental time was 62 h (NIST 900) and approximately 165 h for all instruments with RT probes. The FDA RT500 spectra were recorded as nine experiments that were co-added within Topspin 3.2 (Bruker Biospin, Inc) before spectral processing.
Spectral analysis
All data for drug products were processed or reprocessed at NIST using NMRPipe V8.9 [14] using a similar scheme as reported previously [10] . Data were visualized in NMRFAM-Sparky V1.2 [15] . All spectra were aligned to glycine 73 at 7.77 ppm ( 1 H) and 105.8 ppm ( 15 N). Signal-to-noise (S/N) values were determined in NMRFAMSparky.
For PCA, lot 1 and lot 2 drug products were bulk converted to NMRPipe format and bulk processed using scripts embedded within NMRPipe V8.9 to assure uniform conversion and processing. The processing parameters from our first report were used [10] . Imperfect phasing of any spectra was corrected manually. For PCA on peak position, all resolved 1 H N , 15 N H cross peaks were used (roughly 60%), and the chemical shifts were weighted according to:
where ı H and ı N are the 1 H and 15 N chemical shifts for each amide, and ␣ is 0.1. The weighted chemical shifts for each resonance from the NIST 900 Amgen lot 2 spectrum were subtracted from each dataset (e.g., the position is centered by subtracting the column means) before PCA was performed. For PCA computed on the entire amide region (5.75 ppm to 10.5 ppm for 1 H and 103 ppm to 132 ppm for 15 N), a uniform matrix size for all data is required for any multivariate analysis, so all data were subjected to a bilinear interpolation scheme, also embedded within NMRPipe V8.9, to create a uniform matrix size for all spectra, and intensities were normalized to 100 for the most intense peak within each spectrum. The amide region of each spectrum was then converted to 1D intensity vectors. PCA was directly applied to the raw data in this case to avoid overemphasizing the noise which would occur by taking a column-centered means. In both applications of PCA, the single value decomposition algorithm was used from the Statistics and Machine Learning Toolbox TM in MATLAB R2015b (Mathworks, Inc).
Results and discussion

Visual assessment of 2D spectral maps
The second lots of the innovator and three Indian-sourced filgrastim products in their formulated states were evaluated using the NIST 900 equipped with a NMR cold probe and three magnets equipped with room temperature (RT) probes (Figs. 1 , S1-S3 ). The time required to acquire data of sufficient quality (similar resolution and a minumum S/N ratio of 10:1) took about 2.7 times longer on the RT probes when compared to the 900 MHz data (62 h on the NIST 900 versus 165 h on the RT probes). To acquire a dataset 15 N H spectral maps of Amgen lot 2, in red, overlaid on NIST900 Amgen lot 2 product in blue. (A) NIST RT600; (B) USP RT600; (C) FDA RT500. All experiments were recorded using a gHSQC pulse sequence at 25
• C. Contour levels were chosen at the noise threshold. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) of similar S/N ratio on a RT probe would require 16-36 times the acquisition time as compared to a comparable cold probe assuming a factor of 4-6 sensitivity gain from the cold probe. Despite the lower S/N ratio, an initial visual inspection of the RT spectra shows almost perfect spectral overlap with the 900 MHz data, indicating that all the 2D NMR datasets report the same highly similar HOS for the samples. Note that some spectral variation was observed due to field dependent spectral folding of few side chain resonances.
Spectral comparability using combined chemical shift deviation and principal component analysis
In a manner similar to the original report, 1 H and 15 N chemical shifts of the drug products were evaluated using combined chemical shift deviation (CCSD) referenced against the NIST 900 Amgen lot 2 gHSQC (Figs. 2 , S4 ) or against the NIST 600 Amgen lot 2 gHSQC (Fig. S5) . In both analyses, the overall CCSD precision of the measurements was found to be highly similar whether referenced again cold probe data collected at 900 MHz or 600 MHz. In general, most spectral maps of the lot 2 products collected on magnets equipped with cold probes fell within previously established experimental precision of 8 parts per billion (ppb) (Fig. S4D) [10] . The RT spectral maps exhibited slightly greater chemical shift deviation, consistent with a previous report that S/N below 10:1 affords a reduction in statistical precision [6] . For comparison, in this study the NIST 900 Amgen spectral map had a mean S/N of 36:1 and a median S/N of 25:1 whereas the NIST RT600 Amgen spectral map had values of 10:1 and 7:1, respectively. Due to the lower S/N, the RT spectral maps exhibited a precision of approximately 16 ppb which was only slightly lower when compared to the spectral precision measured with cold probes. The RT spectra collected in the non-conventional manner of nine co-added experiments (see Material & Methods section), however, afforded a few resonances with precision less than 16 ppb.
To assess the comparability of lot 2 samples versus the lot 1 samples, PCA was performed on the weighted 1 H and 15 N chemical shifts of the temperature calibrated spectral maps (Fig. 3A) and the total point-by-point spectral region akin to our previous report (Figs. 3 B and S6 ) [10] . The temperature-miscalibrated HC 600 spectral maps were used as an example of a slightly 'different' spectra to help evaluate the PCA clustering. Both PCA plots show similar clustering of the lot 2 spectral data with the lot 1 spectral data, and the HC 600 data separated as its own cluster. Overall, these results confirm that standard RT probes can offer a robust means to evaluate the HOS of biologics.
Rapid NMR data acquisition methods
Rapid NMR data acquisition protocols can be applied to markedly reduce the acquisition time for 2D NMR spectra [9] . As a demonstration, spectra were collected using the SOFAST-HMQC pulse scheme (sfHMQC) [16] on Amgen lot 1 on the NIST 900 and Amgen Lot 2 on the NIST RT600 (Fig. S7) . Slight visual differences were observed due to slight differences in the performance (Fig. S4) . PCA plot of the total point-bypoint spectral matrix of the amide fingerprint region. In both PCA plots, the HC 600 temperature deviant spectra from our first report were used as 'different' spectra for comparative purposes [10] . For clarity, the projections in PC space are labeled by sample. For panel B, a HSQC is a matrix of frequency-based with intensity values. These spectral matrices were converted to 1D intensity vectors, and all vectors were subjected to PCA. See Material and Methods section for more details. Additional annotations of panel B are available in Fig. S6. of the gHSQC and the sfHMQC pulse sequences. Nonetheless, rapid pulsing cut the overall acquisition times on the NIST 900 and the NIST RT600 to 13 h and 72 h, respectively. Further reductions in overall experimental time could be achieved by implementing nonuniform sampling (NUS), which is also becoming more routinely applied for NMR acquisitions. For this comparative study, acquisition methods were nonetheless kept to standard pulse sequences with uniform sampling to establish an unbiased baseline for judging the performance of RT probes for use in biopharmaceutical comparability measurements. Based on the performance differences observed for different pulse sequences, the choice of HSQC experiment should be consistently applied for the 2D-NMR method, similar to the requirement for the same temperature, pH, and salinity.
Conclusions
For a technique that generates a spectral map that simultaneously yields information about primary, secondary, tertiary and higher order structure, 2D-NMR provides a precise tool to assess drug substance quality for sponsors of biopharmaceuticals. While collecting 2D-NMR heteronuclear correlation maps at natural abundance on NMR systems equipped with cold probes is ideal for sensitivity, this study demonstrates that 2D-NMR spectral maps can be generated with similar quality using NMR systems with RT probes and that these data can be used for comparability assessment. With the use of SOFAST pulse sequences and NUS [7, 17] that can generate greater sensitivity per unit time, 2D 1 H N , 15 N H spectral maps should be able to be collected on RT probes in 2-3 days.
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